I f these experimental problems can be overcome t h e n a new k i n d o f measurement w i l l be p o s s i b l e . Because t h e SP a t t e n u a t i o n c o e f f i c i e n t i s d i r e c t l y p r o p o r t i o n a l t o t h e metal reactance, a measurement o f t h i s a t t e n u a t i o n l e n g t h t o g e t h e r w i t h an i n f r a r e d r e f l e c t a n c e measurement a t t h e same frequency determine b o t h p a r t s o f t h e complex d i e l e c t r i c f u n c t i o n o f t h e metal w i t h equal p r e c i s i o n . T h i s combination o f techniques may p r o v i d e t h e f i r s t independent measurement o f t h e i n f r a r e d e l e c t r o n mass o f metals.
Some progress has been made toward t h i s g o a l . SP's have been generated b o t h w i t h s i n g l e frequency 1 asers and a1 so w i t h broadband continuous sources /3,4/.
Measurements have been made o f t h e t r a n s m i s s i o n o f IR s u r f a c e plasmons across a v a r i e t y o f metal surfaces.
For t h e bare metal agreement i s o b t a i n e d w i t h Drude model p r e d i ct i o n s w h i l e f o r d i e l e c t r i c coated m e t a l s some d i s
c r e p a n c i e s remain. By making use o f a novel i n t e r f e r e n c e phenomenon which i s unique t o inhomogenously propagating waves, i t has been p o s s i b l e t o measure t h e SP index o f r e f r a c t i o n f o r coated metals.
I 1 -SURFACE PLASMONS ON BARE METAL SURFACES
A -Model C a l c u l a t i o n s
To emphasize t h e unusual f e a t u r e s o f SP p r o p a g a t i o n on a metal a t a g i v e n i n f r a r e d frequency, i t i s u s e f u l t o compare t h e r e s u l t s w i t h those o b t a i n e d f o r plane waves r e f l e c t e d from a metal s u r f a c e . The IR a b s o r p t i o n b y a metal a t room temperature can be described by t h e c l a s s i c a l s k i n e f f e c t s i n c e t h e mean f r e e path, v~z i s much s m a l l e r t h a n t h e s k i n depth 6. The Drude f o r m u l a f o r t h e c o n d u c t i v i t y c o r r e c t l y d e s c r i b e s t h e e n t i r e regime: when WT << 1 t h e c o n d u c t i v i t y i s l i m i t e d b y VFT and when WT >> 1 t h e a c c e l e r a t i n g f i e l d r e v e r s e s s i g n b e f o r e a s c a t t e r i n g process occurs. Because much o f t h e work described below i s f o r good conductors i n t h e 10 wavelength region, t h e UYT >> 1 l i m i t w i l l be emphasized.
The metal i s taken t o be i n t h e ( -) x h a l f space w i t h i t s boundary i n t h e (y,z) plane. The s u r f a c e impedance f o r a normal l y i n c i d e n t plane wave p o l a r i z e d i n t h e z d i r e c t i o n i s where
L e t qo = w/c, t h e f r e e space wavevector, then t h e wavevector i n t h e metal i s and t h e p e n e t r a t i o n depth o f t h e f i e l d amplitude i s 6 = [Re .
For t h e IR << wp and t h e a b s o r p t i v i t y
In t h e r e l a x a t i o n r e g i o n where WT >> 1 Since x < 0 t h e s u r f a c e reactance i s i n d u c t i v e . Equation ( 4 ) becomes and Eq. ( 5 ) s i m p l i f i e s t o Now l e t ' s f i n d s i m i l a r r e l a t i o n s f o r a SP bound t o t h e a i r -m e t a l i n t e r f a c e . To t a k e i n t o account t h a t t h i s TM mode i s l o c a l i z e d a t t h e s u r f a c e and propagates i n t h e z d i r e c t i o n , t h e H f i e l d i s assumed t o have an inhomogenous wave form, namely
Combining t h i s f i e l d w i t h Maxwell's equations one f i n d s t h a t The s u r f a c e impedance f o r t h e surface plasmon mode i s s l i g h t l y l a r g e r than t h e impedance f o r plane waves.
I n o r d e r t o compare t h e SP and t h e plane wave r e s u l t s , we d e s c r i b e t h e SP p r o p e r t i e s i n terms o f t h e plane wave s u r f a c e impedance values. I n t h e same l i m i t as t h e plane wave problem t h e SP wavevectors s i m p l i f y t o A where c i s determined from Eq. 6. I n most o f t h e i n f r a r e d r e g i o n t h e behavior of t h e SP f i e l d s i s dominated by t h e r e a l p a r t s o f t h e wavevectors. These q u a n t i t i e s F i g . 1 -SP wavevectors f o r a metala i r i n t e r f a c e . The r e a l p a r t o f t h e p a r a l l e l SP wavevector i s q and t h e r e a l decay r a t e s o f t h e SP f i e l d s i n t h e a i r and metal r e s p e c t i v e l y , are d,a and a,,,. The l i g h t l i n e i s represented by qo. Note t h a t i n t h e i n f r a r e d . q l v e r y n e a r l y f o l l o w s t h e l i g h t l i n e , pl i s r o u g h l y constant and Ql,a grows'quadratical l y w i t h frequency. From Eq. 14 t h e SP f i e l d s become i n c r e a s i n g l y c o n f i n e d t o t h e neighborhood o f t h e metal s u r f a c e w i t h i n c r e a s i n g frequency.
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Note t h a t t h e h e i g h t which t h e f i e l d amplitude extends i n t o t h e a i r depends o n l y on t h e s u r f a c e reactance w h i l e t h e depth which t h e f i e l d amplitude p e n e t r a t e s i n t o t h e metal i s t h e same as Eq. 4, namely
The SP a t t e n u a t i o n c o e f f i c i e n t i s JOURNAL DE PHYSIQUE A comparison o f Eq. 15 and Eq. 5 demonstrates t h a t SP a t t e n u a t i o n and IR absorpt i v i t y probe d i f f e r e n t p r o p e r t i e s o f t h e m e t a l . This d i f f e r e n c e a l s o shows up i n another way. By Equation 11, ql + q, and p l a n e waves cannot d i r e c t l y couple t o SP's.
Prism, edge and g r a t i n g c o u p l e r s are used t o overcome t h i s wavevector d i fference between plane waves and t h e bound mode 15-91. B -Measured SP A t t e n u a t i o n C o e f f i c i e n t s A v a r i e t y o f SP a t t e n u a t i o n c o e f f i c i e n t s have been r e p o r t e d f o r D r u d e -l i k e m e t a l s i n t h e f R /9-151. I n t h e f a r i n f r a r e d i n v e s t i g a t o r s have r e p o r t e d anomalously l a r g e a t t e n u a t i o n c o e f f i c i e n t s f o r a number o f s u r f a c e s 1161. However two r e c e n t s t u d i e s have concluded t h a t t h e present evanescent wave c o u p l i n g techniques are t o o i n e f f i c i e n t f o r c o u p l i n g SP's a t 84 cm-'and t h e SP mode i s obscured b y a t r a n sm i t t e d b u l k wave packet 117.181.
It i s t h e spreading o f t h i s packet which accounts f o r t h e anomalously 1 arge a t t e n u a t i o n c o e f f i c i e n t s which have been r e p o r t e d . The reason t h e evanescent f i e l d c o u p l i n g technique can be used s u c c e s s f u l l y i n t h e IR r e g i o n b u t not i n t h e F I R .
i s t h a t t h e SP f i e l d p r o f i l e h e i g h t does n o t s c a l e w i t h wavelength whereas t h e evanescent f i e l d h e i g h t which i s t h e d r i v i n g source does.
The evanescent f i e l d c o u p l e r has been used w i t h somewhat more success i n t h e 1000 cm-I r e g i o n but even t h e r e t h e measured a t t e n u a t i o n c o e f f i c i e n t o f Au ranges over a f a c t o r t h r e e /10,11,14,15/.
O
n e ' p o s s i b i l i t y i s t h a t t h e i n t e g r i t y o f t h e t h i n f i l m s u r f a c e s v a r y w i d e l y . A measurement o f t h e d.c. r e s i s t i v i t y o f f i l m s would p r o v i d e some degree o f n o r m a l i z a t i o n a g a i n s t t h i s f a b r i c a t i o n problem b u t n o t a l l i n v e s t ig a t o r s have r e p o r t e d r e s i s t i v i t i e s . Another p o s s i b i l i t y i s t h a t one has r u n i n t o t h e same fundamental problem which was observed i n t h e f a r i n f r a r e d , namely a mismatch between t h e SP p r o f i l e h e i g h t and t h e evanescent f i e l d p r o f i l e h e i g h t .
The end r e s u l t o f a mismatch i s t h a t a t any d i e l e c t r i c i n t e r f a c e o r edge d i s c o u n t i n ui t y , c o l i n e a r r a d i a t i v e and SP waves are generated. There i s now some evidence t h a t d i s t i n g u i s h i n g between these two s i g n a l channels w i t h t h e two p r i s m c o u p l e r i n t h e 10 p wavelength r e g i o n may be a more s u b t l e problem than p r e v i o u s l y recognized. Remeasurement o f t h e SP a t t e n u a t i o n c o e f f i c i e n t s o f Ag and Au i n t h e 10 p wavelength r e g i o n w i t h a d i f f e r e n t c o u p l i n g geometry than e a r l i e r i n v e s t i g a t o r s have g i v e n much s m a l l e r values 1191. Good agreement between experiment and t h e Drude model i s o b t a i n e d when t h e IR r e l a x a t i o n t i m e i n c l u d e s b o t h t h e d.c. c o n t r ib u t i o n and d i f f u s e s c a t t e r i n g o f t h e e l e c t r o n s a t t h e metal s u r f a c e .
-SP'S ON DIELECTRIC COATED METALS
The c a l c u l a t i o n o f t h e SP a t t e n u a t i o n c o e f f i c i e n t and index o f r e f r a c t i o n i s a s t r a i g h t forward e x t e n s i o n o f t h e bare metal case except now t h e r e s u l t s must b e determined n u m e r i c a l l y 1201. For t h e t h i n f i l m l i m i t approximate a n a l y t i c express i o n s can be o b t a i n e d and we consider t h a t case 1211. For a Drude metal t h e a t t e n u a t i o n c o e f f i c i e n t i s where a(0) i s g i v e n by bq. J35) and 6 = c / t h e London p e n e t r a t i o n depth, when
WT >> 1 and 6 = c/(2wy, T )~ , t h e classic^' s k i n ' depth, when WT << 1.
Equation (19) c o n s i s t s o f f o u r terms. The f i r s t term i s t h e bare metal SP a t t e n u a t i o n c o e f f i c i e n t w h i l e t h e n e x t t h r e e terms r e p r e s e n t t h e increase i n SP l o s s i n t h e metal as induced by t h e coating.
I n Ref. (17) i t i s shown t h a t i f l a t t i c e a b s o r p t i o n occurs i n t h e d i e l e c t r i c c o a t i n g so t h a t Im n f 0 then f o u r a d d i t i o n a l terms appear i n t h e a t t e n u a t i o n c o e f f i c i e n t . The r a t i o o f t h e l a r g e s t o f these new terms t o t h e l a r g e s t term i n Eq. (19) f o r t h e nonabsorbing c o a t i n g i s
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I f t h e t h i c k n e s s o f t h e absorbing d i e l e c t r i c f i l m i s l e s s than o r comparable t o t h e metal s k i n depth, then t h e nonabsorbing f i l m l i m i t g i v e n b y Eq. (19) a p p l i e s t o b o t h cases. Experiments w i l l be described below which measure t h e index o f r e f r a c t i o n o f t h e SP i n t h e r e l a x a t i o n r e g i o n . From Eq. (18) we f i n d For SP's i n t h e 1000 cm-' r e g i o n and f i l m t h i c k n e s s d = 500 A t h e two terms are comparable i n s i z e . For t h i c k e r f i l m s Eq. (21) i s independent o f t h e p r o p e r t i e s of t h e metal i t s e l f .
-I n f r a r e d Measurements
-A t t e n u a t i o n
The experimental /18/ f a r i n f r a r e d a t t e n u a t i o n c o e f f i c i e n t s a ( d ) as a f u n c t i o n o f Ge o v e r l a y e r thickness, d, are shown f o r Au and Pb i n Fig. 2 Fig. 2a and 2b f o r d < 0.5 p) makes i t u n l i k e l y t h a t t h e SP a t t e n u a t i o n c o e f f i c i e n t i s a c t u a l l y being measured i n t h i s regime o f overlayer thickness. It i s concluded /18/ t h a t the SP mode i s obscured by a t r a n s m i t t e d bulk wave packet i n the t h i n f i l m region. It i s the spreading o f t h i s packet which accounts f o r the anomalously large attenuation c o e f f i c i e n t s reported e a r l i e r /16/. wavelength region. Both o f these d i e l e c t r i c s are thought t o be nonabsorbing i n t h i s wavelength r e g i o n b u t n e i t h e r set o f data agrees w i t h theory. The dependence o f the SP attenuation c o e f f i c i e n t s f o r Ge coated Ag f i l m s have been analyzed i n some d e t a i l /21/ and we review these r e s u l t s here. The values o f a(0) measured f o r t h e Ag f i l m s agree w i t h those expected from t h e measured d.c. r e s i s t i v i t i e s . Given a ( 0 ) and u, , the nearly s t r a i g h t l i n e i n Figure 3 labeled theory r e s u l t s from ?q. (19) . The c a l c u l a t e d slope i s s u b s t a n t i a l l y less than t h a t measured. The i n v e s t i g a t o r s were not able t o improve the agreement between theory and experiment by introducing absorption i n t h e Ge , Q , ,
. F i g u r e 2a shows t h e r e s u l t s o f measurements on t h r e e d i f f e r e n t Au f i l m s . The e r r o r b a r s i n d i c a t e t h e u n c e r t a i n t y i n t h e d e t e r m i n a t i o n o f a ( d ) from t h e t r a n s m i s s i o n measurements made on a p a r t i c u l a r f i l m . The somewhat l a r g e r s c a t t e r i n t h e d a t a may be due t o e f f e c t s associated w i t h roughness which may d i f f e r from f i l m t o f i l m .
The t h e o r e t i c a l SP a t t e n u a t i o n c o e f f i c i e n t i s g i v e n by Equation 15 and i n t h e Drude l i m i t a ( 0 ) i s p r o p o r t i o n a l t o t h e d.c. r e s i s t i v i t y , p, so t h a t Equations 19 and 22 have been used t o c a l c u l a t e t h e v a l u e o f t h e s u r f a c e wave a t t e n u a t i o n c o e f f i c i e n t f o r b o t h t h e Au and
i n ( i t may be due t o d dependent roughness). However, f o r t h e purposes o f t h i s r e v i e w we w i l l focus s o l e l y on t h e much l a r g e r discrepancy i n t h e small d r e g i o n . These i n v e s t i g a t o r s p o i n t o u t t h a t t h e n e g a t i v e slope of t h e experimental a ( d ) ( i n
Another s u r p r i s i n g aspect o f the thickness dependence data i s t h a t the s t r a i g h t dashed l i n e through the data extrapolates back t o the bare metal SP value. If the mean f r e e path o f the e l e c t r o n s w i t h i n a s k i n depth o f the surface was reduced by t h e presence o f the Ge i n or on the metal, i f the surface roughness was enhanced by the coating o r i f the i n t e r f a c e states i n the Ge were important, t h e s t r a i g h t l i n e should e x t r a p o l a t e back t o a valve somewhat l a r g e r than the bare SP value. This conclusion f o l l o w s since the slope and t h e i n t e r c e p t o f Equation 19 are not independent parameters as long as up i s f i x e d .
-Index o f Refraction
The SP index o f r e f r a c t i o n has been measured by making use o f a novel i n t e r f e r e n c e phenomenon which i s unique t o inhomogeneous propagating waves 1201. The propagat i o n o f r a d i a t i o n across a step d i s c o n t i n u i t y i n the overlayer thickness can be viewed i n terms o f the coupling o f the normal modes on one side t o the normal modes on the other. I n p a r t i c u l a r , consider a SP on t h e bare metal, t r a v e l i n g toward t h e step d i s c o n t i n u i t y produced by a t h i n d i e l e c t r i c coating. Since t h e d i s c o n t i n u i t y i s small, r e f l e c t i o n and r e f r a c t i o n are small. One might expect t h e i n c i d e n t SP t o couple predominantly t o the SP o f t h e coated r e g i o n since both are bound modes; however. Maxwell's equations r e q u i r e t h a t the t a n g e n t i a l E and H f i e l d s be continuous across the step at a l l heights above t h e surface. Even f o r f a i r l y t h i n overl a y e r s d -0.02 dc the range o f the SP above t h e coated metal surface i s much l e s s than t h a t o f the SP above the bare metal 1211. The boundary conditions at the coating edge can be s a t i s f i e d o n l y i f the i n c i d e n t SP produces unbound b u l k r a d i at i o n i n a d d i t i o n t o t h e t r a n s m i t t e d SP. For t h i c k e r overlayers d > dc 112 t h e coated-metal SP i s so compressed t h a t the i n c i d e n t bare-metal SP cannot couple t o i t and almost a l l o f t h e i n c i d e n t i n t e n s i t y i s converted t o bulk r a d i a t i o n . For thicknesses such t h a t 0.02 < d/dC < 112 the i n c i d e n t SP launches both b u l k and SP r a d i a t i o n . This bulk r a d i a t i o n i s produced i n t h e form o f a packet t r a v e l i n g i n the forward d i r e c t i o n and spreading s l o w l y i n width. The SP t r a v e l s along the coated surface w i t h a phase v e l o c i t y c/n . w h i l e t h e phase v e l o c i t y o f t h e b u l k wave packet which t r a v e l s above the overlayer i s c. At the f a r edge o f the overlayer, o f length R, the SP and bulk wave packet both c o n t r i b u t e t o the transmission o f a bare-metal SP, however, these two c o n t r i b u t i o n s w i l l i n general no longer be i n phase. The t o t a l i n t e n s i t y o f the r e s u l t a n t SP launched at the t r a i l i n g edge o f t h e coating can be w r i t t e n where ISp(R) and I B ( I ) are t h e component i n t e n s i t i e s . A bulk wave packet i s also launched at the t r a i l i n g edge w i t h an i n t e r f e r e n c e term complementary t o t h a t o f the SP. The f i r s t two terms i n Equation 23 decrease monotonically w i t h increasi n g overlayer length I :
From the t h i r d term i n Equation 23 , t h e s p a t i a l p e r i o d o f the i n t e r f e r e n c e i s
